KLectrophoretio properties of chromatin subunits -nucleosomes -obtained by treatment of chromatin with the Serratia marcescens endonuclease have been studied. Double-strande3 breaks of DNA between adjacent nucleosomes do not necessarily lead to their disjunction. Fragmentation of the DNA within the nucleosomes may proceed simultaneously with the breakdown of the DNA between the nucleosomes at early stages of the endonuclease digestion. Electrophoretic mobility and chromatographic properties of mononucleosomes, their dimers and trimers with internally degraded UNA was not changed. It has been deduced that the integrity of chromatin particles with internally fragmented DNA is supported by histone interaction inside and between the nucleosomes.
INTRODUCTION
New sights have been gained recently concerning the orga-1 -5 nization of chromatin in eukaryotes
•'. According to current views, chromatin is structurally organized as a linear arrangement of subunits -the nucleosomes -connected by relatively short DNA strands. All nucleosomes contain, in addition to the DNA segment measuring of 14O-200 nucleotide pairs, two molecules of each H2A, H2B, H3 and H4 histones. Apparently histone H1 is not Involved in the xormation of nucleosomes being associated with the internucleosomal DNA . It is known that mild nuclease digestion of chromatin leads to splitting of DNA into fragments, which are multiples of ca. 200 base pairs J% ' . Such a breakdown of DNA between the nucleosomes can be induced by mild digestion with Staphylococcal nuclease whereas prolonged digestion results in fragmentation of the DNA inside the nucleosome, and subnucleosomal DNA fragments are produced * . la the present investigation an endonuclease from Serratla marcescena was used for the analysis of chromatin subunits. This endonuclease was found to split simultaneously both the DNA stretches between nucleosomes and intranucleosomal DNA. However, hydrolysis of the DNA between neighbouring nucleosomes does not necessarily involve their separation. These observations suggest that the subunit structure of chromatin is supported both by internucleosomal DNA stretches and by the interaction between histones of neighbouring nucleosomes.
AND METHODS
N u clei were obtained from thymus of outbred rats. The tissue was homogenized in 0.25 M sucrose, 10 mM Tris-HOl pH 7.5, 3 mM MgCl o . The homogenlzation solution contained a protease 12 inhibitor, phenylmethansulfonyl fluoride . After filtering the homogenate through gauze, nuclei were sedimented by centrifugation (1,000 g, 10 min) and suspended in the homogenization solution containing 0.5% of Triton X-100. T^e washed nuclei were suspended in a digestion medium comprising 0.3 M sucrose, 5 mM Tris-HCl, pH 7.5, 1 mM MgCl 2 and diluted to give the final DNA concentration of 0.5 -1 mg/ml. Endonuclease from Serratla marcescens was added to the concentration of 10-30 units per mg DNA. Endonuclease reaction was carried out at 37°C and stopped by cooling the tube in ice. The hydrolysate was immediately centrifuged for 5 min at 10,000 rpm. The nuclei were lysed in a solution of 5 mM Tris-rHOl pH 7.5, 2 mM EDTA and centrifuged at 10,000 rpm. The supernatant (ca. 5 ml) containing soluble chromatin fragments was made to 5% in sucrose and placed onto Sepharose 4B (Pharmacia, Sweden) column for the chromatographic separation of nucleosome monomers from dimers and larger chromatin particles . T^e column (2.5x90 cm) equilibrated with 5 mU T r i8-HCl, pH 7.4, 1 mM EDTA. T^e elution rate was 10-12 ml/h. The endonuclease from Serratla mnrcescens (fam.Enterobacterlaceae) has been kindly provided by Prof.H.I.Salganik (Novosibirsk). The enzyme was isolated by the method described in ref. 13 . The characteristics of the enzyme preparations were similar to those described by these authors -i.e. endonuclease proved to be equally capable of hydrolysing both the DNA and ENA, denatured and native DMA. The enzyme does not exhibit marked preference towards purine or pyrimidine bases. Exonuclease activity was negligible in our preparations. Some authors correspond Serratia endonuclease to the group of nucleases classified as ribonucleate -(deoxyribonucleate)-5'--nucleotidohydrolases (B.C.3.1. 4.9) DNA was isolated by deproteinization of the chromatin with chloroform -isoamyl alcohol (24:1) after preliminary digestion with pronase (Serva, BED) in 1% SDS for 1 h at 37°C. DNA was precipitated by two volumes of ethanol and after reprecipitation was dissolved in the electrophoretic buffer with 20% sucrose.
Electrophoresis of the chromatin fragments was performed in 5% polyacrylamide slab gels (the acrylamide-bisacrylamide ratio being 30*1)
• Th® dimensions of the gel were: length 11 cm; width 7 cm; thickness 0.15 cm. T r is-borate buffer 0.01 M, pH 8.3 with 1 mM EDTA was used as an electrophoretic buffer . Electrophoretic runs were proceeded by preelectrophoresis (200 V per slab) for 1 hr. Sucrose was added to the samples (up to 20%) before layering them onto gel. Electrophoresis was carried out for 1.5-3 hrs at 100 V and 3 mA per slab. Electrophoresis of the DNA fragments was performed in 7.5% polyacrylamide slab gels either in the presence or absence of 6 M urea 17 . T r is-borate buffer (0.02 M) with 2 mM EDTA, pH 8.3 was used as an electrophoretic buffer. The gels were stained by ethidium bromide (1 jjg/ml, Serva, BHD) in 1 mM EDTA, pH 7.4. DNA bands were visualized under ultraviolet light and photographed through a red filter on Micrat-300 film.
RESULTS AND DISCUSSION
When analyzing the kinetics of chromatin digestion with Serratia endonuclease the attention is focused on a rather rapid formation of acid soluble products at early stage of the treatment (Pig.1). After an exhaustive digestion of nuclei with 500 units enzyme per mg DNA, however, the yield of acid soluble products is about 50%, as reported for Staphylococcal nuclease 10 11
1 . An electrophoretic analysis revealed a similarity between the chromatin subunits produced by the two nucleases. As seen from Pig.2, mononucleosomes containing histone H1 and those without it are present 3> . The electrophoregraph reveals an intermediate band between the mononucleosomes and dimers which is more pronounced in Serratia endonuclease digests than in Staphylococcal nuclease digests. It corresponds to chromatin particles consisting of one and a half mononucleosomes. Recently, this mode of chromatin fragmentation has been observed for DNAase II digestion of nuclei °.
These observations suggested that the effect of Serratia endonuclease on chromatin is seemingly resembles that of Staphylococcal nuclease. Electrophoretic analysis of the pattern of fragmentation of DNA in chromatin produced by Serratia endonuclease digestion demonstrated, however, that 1 -tetramers and trimers of nucleosomes, 2 -dimers, 3 -mononucleosomes with histone H1, 4 -mononucleosomes without histone H1 "->» 1U o An intermediate band between 2 and 3 is shown by arrow.
this is not the case (Fig»3)o A large difference in the patterns of the DNA fragments produced by the two nucleases can be seen« The Staphylococcal nuclease yields discrete DNA fragments t i»e o the DNA of mononucleosomes, dimers, trimers, etc (designated as 1, 2 and 3, Fig<,3d). Conversely, the electrophoregraphs of the DNA fragments obtained from Serratia endonuclease-treated chromatin show no distinct bands in the region corresponding to the 1, 2 and 3 bands» After deproteinization of chromatin particles their DNA moiety disintegrates into a number of large fragments which produce smears on electrophoregraphso At the same time, subnucleosomal DNA fragments appear giving rise to very discrete electrophoretic bands (Pigo3)« What is actually important is that these submonomeric fragments are found not only in the DNA isolated from mononucleosomes (Pigo3b), but also in the DNA of dimers (Figo3&)<> This indicates that the Serratia endonuclease is able to break simultaneously the DNA between and inside the nucleo- DNA fragments from the dimers (a) and monomers (b). Monomers and dimers of nucleosomes were isolated by chromatography on Sepharose 4B. The fraction of dimers contain a certain amount of trimers. DNA. fragments from the total nuclear hydrolysates produced by the digestion with Serratia endonuclease (c) and Staphylococcal nuclease (d). 1, 2, 3 -the position of the DNA. of the nucleosome monomers, dimers and trimers, resp. some particles. In order to obtain more detailed information as to what chromatin particles yield both large and submonomeric DNA fragments two-dimensional electrophoresis of Serratia endonuclease chromatin digest was performed (Pig.4). Chromatin fragments were separated by low ionic strength electrophoresis (direction I). Then, a longitudinal strip was cut from the gel, incubated in 0.1J6 SDS and placed on the top of a 7.5% polyacrylamide gel block. Electrophoresis was run in the cross direction II. The nucleosome dimers and trimers can be seen yielding DNA e d Figure 4 . Two dimensional electrophoresis of the DNA from the Serratia endonuclease chromatin digest,, Two prints of the same electrophoregraphs axe shown. Left and right prints are identical but the right one has reference marks superimposed on it o I -First electrophoresis run of chromatin digest under low ionic strength conditions (5% polyacrylamide gel), IISecond electrophoresis run after incubation of the longitudinal strip of the gel in 0.1% SIS (7.5% polyacrylamide gel in the presence of 0.1% SDS). Localization of chromatin fragments in electrophoregraphs : trimers (a), dimers (b), monomers with H1 (c), monomers lacking H1 (d), subnucleosomes (e). DNA fragments of maximum size derived from: (1) trimers, (2) dimers, (35 nucleosomes with H1, (4) nucleosomes without HI, (5) subnucleosomes. (6) -DNA fragments corresponding in size to mononucleosomal DNA which are derived from particles of a larger size than mononucleosomes, (7) -submonomeric DNA fragments. fragments equal in their length to the dimeric and trimeric DNA as well as the DNA fragments corresponding in size to the moQonucleosomal DNA (Fig.4) .
Consequently, oligomeric fragments of chromatin produced by Serratia endonuclease digestion contain internally fragmented DNA which correspond in their length to mononucleosomal DNA. Moreover,, there are some even smaller, submonomeric DNA fragments. At the same time, the integrity of these chromatin fragments as individual particles is maintained as revealed by electrophoresis -they migrate as dimers, trimers p etc. of nucleosomes, and their chromatographic behavior is similar to that of respective particles without internal breaks which are produced by Staphylococcal nuclease digestion. The integrity of chromatin particles with internally fragmented DNA is assumed to be preserved owing to the histone interaction between neighbouring nucleosomes.
It is also seen from Pig.4 that mononucleosomes containing histone H1 and mononucleosomes devoid of this protein comprise, along with. DNA fragments corresponding in length to mononucleosomal DNA, also considerable amounts of submonomeric DNA fragments. Nucleosomes having internal breaks in the DNA show, however, no difference in their electrophoretic and chromatographic behavior from nucleosomes containing intact DNA. It may be concluded, therefore, that the stability of nucleosomes is primarily determined by interactions between histone molecules in nucleosomes. Fragmented DNA remains bound in the nucleosomes due to DNA-histone interactions. It may be assumed that the spatial organization of DNA and histones in nucleosomes is not modified as a result of destruction of the DNA covalent structure.
The specificity of Serratia endonuclease digestion is in that the chromatin fragments produced -mononucleosomes and oligonucleosomes (dimers and trimers) contain fragmented DNA.
Nonetheless, the integrity of these particles is maintained. This indicates,in our view, that the structure of nucleosomes and the whole chromatin thread is supported primarily by interactions between histone complexes.
Another pecularity of the Serratia endonuclease action is that it produces in high molecular weight chromatin fragments the same submonomer fragments of DNA as those observed in mononucleosomes, i.e. intranucleosomal DNA phosphodiester bonds are almost as easily accessible for the endonuclease as the internucleosomal bonds. On the other hand, the effect of Staphylococcal nuclease is characterized by a preferential disrupture of the internucleosomal DNA. The difference in the action of the two nucleases may be accounted for by differences in the accessibility of the DNA both inside and between nucleosomes.
The ability of Serratia endonuclease to attack the intranucleosomal DNA is manifested not only in the breakage of chromatin in intact nuclei but also when isolated nucleosomes, obtained by chromatography from Staphylococcal nuclease digests, are exposed to Serratia endonuclease. Comparison of the electrophoretic mobilities of the DNA fragments warrants a conclusion that the DNA fragments produced by the Serratia endonuclease treatment of the nuclei and isolated nucleosomes are identical (Pig.5)» Production of individual discrete submonomeric DNA fragments as a result of Serratia endonuclease action on nucleosomes demonstrates that the nuclease reveals specific organization of DNA inside the nucleosomes which manifest a periodic arrangement of the sites sensitive to the nuclease. Consequently, this nuclease may be used as a specific probe for analysis of the DNA structure in chromatin.
To define the size of the DNA submonomeric fragments we used as markers DNA discrete fragments produced by the Eco EII restriction nuclease treatment of SV-40 DNA. The length of the The calculated size of the most rapidly migrating submonomeric band produced by the Serratia endonuclease treatment of chromatin was about 30 base pairs. It was followed by bands with a decreasing mobility which corresponded to DNA fragments measuring ca. 40, 50, 60, 70 and 80 base pairs, resp. (Pig.3). The difference in the length between two neighbouring fragments was 10 base pairs on the average. Thus, the Serratia endonuclease digestion reveals a specific 10 base pair repeat pattern of the nucleosome structure. This repeat is assumed to be connected with the pecularitles of the internal nucleosome structure arising from the arrangement of histones on DM. The 10 bases repeat has been observed earlier ' after chromatin digestion by DNAase I. This repeat was revealed, however,in the course of DNA electrophoresis under denaturating conditions. In contrast to DNAase I, the Serratia endonuclease produces double-stranded submonomeric DNA fragments, which are multiples of 10 base pairs. This finding implies that Serratia endonuclease-sensitive sites occur on both DNA strands roughly at intervals of 10 bases.
According to the chromatin subunits model developed by Van Holde , the compact chromatin regions, where DNA and the histone core form the nucleosome body (the size of the DNAabout 140 base pairs) alternates with stretched DNA strands (spacers, up to 40-60 base pairs). In the region of the spacers, the stretched DNA probably interacts with hibstone H1 . This region because of its stretched configuration is more sensitive to Staphyloco ccal nuclease action. In the case of the Serratia endonuclease, however, no preferential hydrolysis of the DNA between nucleosomes occurs. Moreover, the DNA scissions between nucleosomes do not always result in separation of nucleosomes. DNA breaks inside compact nucleosomes occur simultaneosly with breaks between the nucleosomes.
It is also conceivable that potential nuclease-sensitive sites may be distributed along the chromatin DNA at regular intervals. The latter suggestion has been partly supported by Figure 6 . Electrophorestfl of denatured DNA fragments from the Serratia endonuclease treated chromatin.
The DNA. fragments were dissolved in solution of deionized 6 M urea and denatured by heating on the boiling water bath during 10 min. Electrophoreais was run in. the 7»5% polyacrylamide gel containing 6 M urea. DNA fragments from the nucleosome dimera (a), from the total Serratia endonuclease chromatin digest (b) and from the DNAase I digest (c). 21 17 the evidence that DNAase I produces up to 22 or even 25 ' single-stranded DNA fragments, which are multiples of 10 bases. This testifies to a regular distribution of nuclease-sensitive DNA sites both in nucleosomes and in the internucleosomal chromatin regions where histone H1 is apparently located 6 In the case of the Serratia endonuclease digestion the number of single-stranded fragments which are multiples of 10 bases may be even larger (Pig.6). As seen from Pig.6a, one can observe in DNA from nucleosome dimers a wide range of discrete DNA fragments showing the 10 base repeat pattern, the largest fragments containing up to 200 bases. This observation corroborates the view that the lnternucleosomal DNA stretches Is indeed splitted in nucleosome dimers, and, consequently, as indicated above, the integrity of oligomeric chromatin particles may rest on the interaction of histone complexes between nucleosomes. Thus, internucleosomal DNA as well as DNA of nucleosomes may be splitted by Serratia endonuclease into fragments which multiples of 10 bases. This result allows to suggest that the internucleosomal DNA is arranged in chromatin as intranucleosomal DNA, i.e. it interacts not only with the histone H1, but also with the histone complexes of nucleosomes. The nature of this DNA-histone interactions remains to be investigated.
